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SPECIFICATION 



TITLE OF INVENTION 
"CAPACITANCE FLUID VOLUME MEASUREMENT" 

5 

BACKGROUND OF THE INVENTION 

The present invention generally relates to devices that sense fluid and 
measure volumes of fluid. More specifically, the present invention relates to sensors 
that measure fluid volumes, preferably medical fluids, for example, fluids used 

10 during dialysis therapy. 

Due to disease, insult or other causes, a person f s renal system can fail. In 
renal failure of any cause, there are several physiological derangements. The balance 
of water, minerals and the excretion of daily metabolic load is no longer possible in 
renal failure. During renal failure, toxic end products of nitrogen metabolism (urea, 

15 creatinine, uric acid, and others) can accumulate in blood and tissues. 

Kidney failure and reduced kidney function have been treated with dialysis. 
Dialysis removes waste, toxins and excess water from the body that would otherwise 
have been removed by normal functioning kidneys. Dialysis treatment for 
replacement of kidney functions is critical to many people because the treatment is 

20 life saving. One who has failed kidneys could not continue to live without replacing 
at least the filtration functions of the kidneys. Hemodialysis and peritoneal dialysis 
are two types of dialysis therapies commonly used to treat loss of kidney function. 

Peritoneal dialysis uses a dialysis solution or dialysate, which is infused into a 
patient's peritoneal cavity. The dialysate contacts the patient's peritoneal membrane 

25 in the peritoneal cavity. Waste, toxins, and excess water pass from the patient's 
bloodstream through the peritoneal membrane and into the dialysate. The transfer of 
waste, toxins, and water from the bloodstream into the dialysate occurs by diffusion 
and osmosis because there is an osmotic gradient across the peritoneal membrane. 
The spent dialysate is drained from the patient's peritoneal cavity to remove the 
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waste, toxins and water from the patient. New dialysate replaces the spent dialysate 
and the process repeats. 

During dialysis therapy, a dialysis fluid exchange generally includes draining 
spent dialysis fluid from the peritoneal cavity and filling the peritoneal cavity with 
5 fresh dialysate. Keeping track of the amounts or volumes of dialysis solution drained 
from and supplied to the peritoneal cavity is important for proper dialysis therapy. A 
typical amount of dialysate solution drained from and supplied to the peritoneal 
cavity of an adult during an exchange can be roughly two to three liters. Dialysis 

^ fluid exchanges have been performed manually, usually by the patient, or 

O 10 automatically, by an automated dialysis machine. 

: I ; 

1f= Manually performed dialysate exchanges require that the patient or other 

j: person performing the exchange manually drain the proper amount of fluid from the 

%J peritoneal cavity and manually supply the proper new amount of fluid to the 

^ peritoneal cavity. Errors in the amount of fluid exchanged can occur when relying on 

^ 15 manual fluid exchanges. If it is desired to know the cumulative amount of fluid used 

fy over multiple exchanges, the cumulative total fluid must be tracked manually. 

51 So-called continuous flow peritoneal dialysis ("CFPD") systems that purport 

to provide continuous dialysate flow exist. In these systems, "spent" dialysate (waste 
laden dialysate) from the patient collects in a drain bag, which is discarded, or which 
20 runs into a household or other drain. A patient typically fills the peritoneal cavity 
with up to three liters of dialysate in one treatment. As a consequence, known CFPD 
dialysis treatments require a large amount of fresh dialysate, which must be tracked 
or calculated. 

Automated dialysis machines use one or more fluid pumps to perform the 
25 dialysate exchanges, i.e., the pump pumps spent dialysate fluid out of the peritoneal 
cavity during the drain mode and pumps dialysate into the cavity during the fill 
mode. Known automated dialysis machines have measured and controlled the 
amount of fluid drained and filled during an exchange. One Automated Peritoneal 
Dialysis ("ADP") system uses a reference chamber and Boyle's Law to determine the 
30 volume of fluid pumped. 

Another known method of measuring the volume of fluid used during dialysis 
treatment is weighing the fluid with a scale. In preparation for filling of the 
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peritoneal cavity, a bag of dialysate is placed on a scale and the weight is recorded. 
After fluid is removed from the bag (supplied to the peritoneal cavity) the weight of 
the remaining fluid in the bag is read and recorded. The volume of fluid supplied to 
the patient can be determined from the reduced weight of the bag of fluid. Similarly, 
5 during the draining of the patient, a weight increase of the bag of fluid is used to 
determine the volume of fluid removed from the peritoneal cavity. Weighing the 
fluid to determine fluid volume requires a scale and a bag or other reservoir to be 
placed on the scale. 

Another known method of measuring the volume of fluid pumped by a pump 

10 is simply by knowing the volume of the pump chamber and assuming that the 
chamber completely fills upon each pump stroke. The volume of fluid pumped is 
thereby determined by counting the number of pump strokes and multiplying the 
number by the volume of the pump chamber. 

However, it is frequently the case that the pump chamber does not completely 

15 fill with fluid. For example, air can be present in the pump chamber or the pump 
may simply not complete a full stroke. Accordingly, the measurement of the amount 
of fluid pumped may be inaccurate, for example, less fluid may be actually pumped 
than the amount calculated. These drawbacks can become more pronounced over 
many pump strokes, such as when a smaller pump requires numerous pump strokes 

20 to fill or empty the peritoneal cavity. 

The accuracy of measuring fluid volume pumped can become more difficult 
when the size of the pump chamber is small and the pump is operated through many 
pump strokes. For example, certain dialysis systems must pump two to three liters of 
dialysate into the peritoneal cavity with a pump having an inner volume of about ten 

25 to fifteen milliliters. Numerous pump strokes, about two-hundred strokes of a 
completely filled pump chamber, are required to pump the two to three liters of 
dialysate. If the pump chamber is not precisely and consistently filled or emptied 
with dialysate for each pump stroke, the total amount of dialysate pumped over the 
total number of pump strokes may be inaccurately measured. 

30 Accordingly a need exists for devices that can accurately measure pumped 

fluid volume. 
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SUMMARY OF THE INVENTION 

The present invention generally relates to new fluid sensors and fluid volume 
measurement devices. The sensors and measuring devices are non-invasive and 
provide new methods of sensing and measuring medical fluid volumes. The sensors 
5 or measuring devices can be used in many types of medical operations, and are 
particularly suitable for dialysis, such as hemodialysis and peritoneal dialysis, 
including continuous flow peritoneal dialysis. 

To this end, in an embodiment of the invention, a device for measuring a 
p volume of medical fluid is provided. The device includes a plurality of capacitor 

s ?S 10 plates of fixed spacing. In an embodiment, the capacitor plates form at least one 

=F opposing pair. A medical fluid receptacle is positioned between the pair of capacitor 

m plates. A circuit electrically connects to the pair of capacitor plates. The circuit has 

^ an output indicative of the volume of the medical fluid when the fluid is in the fluid 

s 

O receptacle. 

?u 15 In an embodiment, the medical fluid receptacle further comprises a pump 

[jf chamber having at least one fluid port. The pump chamber is positioned between the 

fU pair of capacitor plates. 

In an embodiment, the pump chamber further comprises at least one flexible 
membrane wall movable to pump medical fluid. 
20 In an embodiment, the device also includes or operates with a pump piston in 

fluid pumping relationship relative to the pump chamber. One of the capacitor plates 
of the pair moves with the pump piston. 

In an embodiment, the medical fluid receptacle further includes first and 
second flexible membrane walls. At least one of the first and second membrane 
25 walls can move to change a volume within the receptacle. 

In an embodiment, the medical fluid receptacle further includes a portion of a 
disposable dialysis fluid flow path useable with a dialysis machine. 

In an embodiment, the capacitor plates can be planer or non-planer in shape 
or a combination of both. The shape can be substantially the same as the receptacle 
30 when full and/or the same as a portion of a pump chamber. 
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In an embodiment, the circuit may further includes a ground connection to 
one capacitor plate of the pair and a voltage sensor connected to the other capacitor 
plate of the pair. 

In an embodiment, the device includes a guard that electrically protects at 
5 least a portion of a signal from the capacitor plates. 

In an embodiment, the device includes a voltage source that enables a voltage 
proportional to the capacitance between the plates to be generated. 

In a further embodiment of the present invention a system for measuring a 
volume of a fluid to or from a patient is provided. The system includes a fluid 
10 receptacle fluidly connected to a patient. First and second capacitor plates are 
provided, between which a variable dielectric is created depending on an amount of 
the fluid in the fluid receptacle. An electrical circuit connects to the capacitor plates. 
The circuit outputs a signal based on the variable dielectric. The signal is indicative 
of the volume of the fluid in the fluid receptacle. 
15 In an embodiment, the fluid receptacle operates inside of a fluid pump 

chamber. 

In an embodiment, the fluid receptacle is positioned between the first and 
second capacitor plates. 

In an embodiment, the system includes a pump piston. One of the first and 
20 second capacitor plates defines an aperture that allows a portion of the piston to 
extend outside the plate. 

In an embodiment, the system includes a pump piston, and one of the first and 
second capacitor plates is a portion of the pump piston. 

In an embodiment, the system includes a displacement fluid that expands and 
25 contracts the fluid receptacle to fill and empty the fluid in and out of the receptacle. 

In an embodiment, the capacitor plate effectively moves with the expanding 
fluid within the receptacle. 

In an embodiment, the fluid receptacle has a variable volume and can be 
sucked against a pump chamber that is adapted to draw a vacuum on the receptacle. 
30 In an embodiment, at least one of the first and second capacitor plates is 

movable and shaped like the receptacle when the receptacle is full. The capacitor 
plates can also be shaped like a pump housing. 
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In an embodiment, the fluid receptacle includes a disposable cassette. At 
least one wall of the cassette includes a flexible membrane. 

In an embodiment, the system includes a processor or controller that 
determines a volume of the fluid from the signal outputted by the electrical circuit. 

In an embodiment, the system includes a controller that determines a 
cumulative volume of fluid from a plurality of individual volumes of fluid in the 
fluid receptacle. 

In still another embodiment of the present invention, a system for measuring a 
volume of a fluid to be provided to or from a patient is provided. The system 
includes a fluid receptacle fluidly connected to a patient. First and second capacitor 
plates are provided. An electrical circuit connects to the capacitor plates. The circuit 
outputs a signal based on a variable dielectric between the plates. The signal can also 
be based on a changing distance of one or both of the plates and a changing surface 
area of one or both the plates. The signal is indicative of the volume of the fluid in 
the fluid receptacle. 

In an embodiment, at least one of the capacitor plates has a varying surface 

area. 

In an embodiment, the signal outputted by the electrical circuit is electrically 
guarded by a voltage that tracks the signal, wherein the voltage is applied to a guard 
that shields the signal. 

Moreover, in another embodiment of the present invention, a dialysis system 
is provided. The system includes a fluid flow path. A fluid receptacle fluidly 
connects to the fluid flow path. A capacitance sensor is positioned relative to the 
fluid receptacle. The capacitance sensor is capable of measuring a volume of fluid in 
the receptacle. 

In an embodiment, the capacitance sensor uses a pulsed voltage and measures 
the amount of voltage that builds up during the pulse. 

In an embodiment, the fluid receptacle is part of a disposable set for dialysis 
therapy. 

In another embodiment of the present invention, a method of measuring a 
volume of a medical fluid pumped by a fluid pump is provided. The method includes 
sensing a first state of a fluid receptacle with capacitance plates when the medical 
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fluid receptacle is substantially empty of fluid. Next, the medical fluid is provided to 
the fluid receptacle. Then, a second state of the fluid receptacle is sensed with the 
capacitor plates when the fluid receptacle is substantially full of medical fluid. 
Further, a volume of the medical fluid in the fluid receptacle is determined based on 
5 the first and second states sensed by the capacitance plates. 

In an embodiment, the method further includes substantially emptying the 
fluid receptacle of fluid, providing medical fluid to the receptacle, sensing another 
second state and determining another volume of the medical fluid. 

In an embodiment, the method includes continuously sensing the state of the 
10 fluid receptacle as the fluid enters the receptacle. 

In an embodiment, the method includes determining a total volume of fluid 
from a plurality of volumes of medical fluid provided to the receptacle. 

In an embodiment, the method includes positioning the capacitor plates at 
opposing sides of a pump chamber. 
1 5 In still another embodiment of the present invention, a method of providing 

dialysis to a patient needing same is provided. The method includes measuring a 
volume of dialysis fluid with a capacitance sensor and passing the volume of the 
dialysis fluid into a portion of a patient. 

In an embodiment, the portion includes a peritoneal cavity of the patient. 
20 In an embodiment, the method includes infusing the measured fluid volume 

into a sleeping patient. 

In an embodiment, the method includes infusing the measured fluid into the 
patient at nighttime. 

In yet another embodiment of the present invention, a method of providing 
25 continuous flow peritoneal dialysis to a patient is provided. The method includes 
passing a volume of dialysis fluid through a pair of capacitor plates to measure the 
volume, urging the volume of fluid into a portion of a patient and recirculating the 
volume of fluid from the patient to clean the fluid. 

In an embodiment, passing the volume of fluid through the pair of capacitor 
30 plates and urging the volume of fluid into the portion of the patient occurs 
simultaneously at a fluid pump. 
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Further still, in another embodiment of the present invention, a method of 
operating a system that displaces a medical fluid is provided. The method includes 
moving the medical fluid from a first location to a second location and measuring a 
volume of the fluid moved by a capacitance sensor. 
5 In an embodiment, the method includes the step of delivering the medical 

fluid to a patient. 

In an embodiment, the method includes controlling an amount of the medical 
fluid provided to the patient by measuring the volume of fluid with the capacitance 

M 

ri sensor. 

- 10 In an embodiment, the method includes visually indicating the amount moved 

£ or the amount pumped to a patient or operator. 

?Z It is therefore an advantage of the present invention to provide an improved 

TO 

>J medical fluid volume measurement system. 

p Another advantage of the present invention to provide an improved system 

JT ~ 15 for providing dialysis treatment. 

fy An advantage of the present invention is to provide volume measurement 

n} systems and methods for use in continuous flow peritoneal dialysis treatment. 

Another advantage of the present invention is to provide improved methods 
of measuring medical fluid volumes. 
20 A further advantage of the present invention is to provide non-invasive fluid 

volume measurement. 

Still another advantage of the present invention is to provide capacitance fluid 
sensing and fluid volume measurement devices and methods. 

Still a further advantage of the invention is to provide accurate fluid volume 
25 measurement for a fluid pump over numerous pump strokes. 

Yet another advantage of the invention is to provide accurate fluid volume 
measurement for a fluid pump when the pump chamber is not completely filled with 
or emptied of fluid. 

Furthermore, an advantage of the present invention is to provide improved 
30 methods of providing dialysis. 



Yet a further advantage of the present invention is to provide a proportional 
fluid volume sensing system that provides a proportional output, whereby partially 
full volume measurements can be obtained. 

Additional features and advantages of the present invention are described in, 
5 and will be apparent from, the following Detailed Description of the Invention and 
the figures. 

BRIEF DESCRIPTION OF THE FIGURES 

Figures 1A, IB and 1C are schematic diagrams showing a fluid volume 
sensor of the present invention having various fluid volumes. 

Figure 2 is a schematic diagram illustrating one embodiment of a capacitance 
sensor circuit of the present invention. 

Figure 3 is a sectional view of a fluid volume sensor according to another 
embodiment of the present invention, wherein the sensor is placed in combination 
with a pneumatically or hydraulically driven pump. 

Figures 4A and 4B are sectional views of a fluid volume sensor according to 
a further^g mbodi ment of the present invention, wherein the sensor is placed in 
combination with a mechanically driven pump. 

Figure 5 is a sectional view of multiple, cooperating fluid volume sensors 
according to yet another embodiment of the present invention, wherein each sensor is 
placed in combination with a mechanically driven pump. 

Figure 6 is a perspective view of one embodiment of a capacitance cup of the 
present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides medical fluid volume sensors, systems for 
25 performing medical treatments using the medical fluid volume sensors, and methods 
pertaining to same. The present invention particularly provides fluid volume sensors, 
systems and methods that can be used for peritoneal dialysis treatment and with 
peritoneal dialysis systems. One such peritoneal dialysis system is a continuous flow 
peritoneal dialysis system which continuously and simultaneously infuses and drains 
30 dialysate to and from a patient's peritoneal cavity. The peritoneal dialysis system, 
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and thus the present invention, can be connected to a dual lumen catheter implanted 
in the peritoneal cavity, or other multi-lumen patient access, for example. 

It should be noted, however, that the present invention can be used for a 
variety of medical treatments as well as a variety of dialysis systems and methods. 
5 For example, the present invention can be used in hemodialysis. Likewise, the 
principles and methods of the present invention can also be used for sensing medical 
fluids in non-dialysis applications. 

The present invention can measure the volume of fluid provided to or 
removed from a patient. The fluid volume sensing and measuring apparatus and 
10 method of the present invention is a non-invasive measurement system. That is, the 
jp present invention can measure the volume of a fluid without contacting or extending 

2u into the fluid. The system uses capacitance measurement techniques to determine the 

Nl volume of a fluid inside of a chamber. 

q As the volume of the fluid changes, a sensed voltage that is proportional to 

J! 15 the change in capacitance changes. Therefore, the sensor can determine whether the 

[U chamber is, for example, empty, an eighth full, quarter full, half full, full, or any 

m other percent full. Each of these measurements can be made accurately, for example, 

at least on the order of the accuracy achieved by known gravimetric scales or 
pressure/volume measurements. The present invention, however, is simpler, non- 
20 invasive, inexpensive and does not require the medical operation to be a batch 
operation. 

One fluid volume sensor or measurement device 10 is shown schematically in 
Figures 1A, IB and 1C. Figure 1A shows the sensor 10 having virtually no amount 
of fluid 12 in a fluid container 14. The container 14, in an embodiment, is plastic or 

25 some other material having a relatively low dielectric constant, similar to that of air. 
As illustrated, the container 14 includes two clamshell type plates. The ends of the 
plates allow a medical fluid, such as dialysate, to enter the container 14. It should be 
appreciated however that the container 14 can be of any number of different pieces 
including a solid piece. The container 14 can define any sort of aperture or apertures 

30 for enabling entry and exit of a volume of medical fluid. 

Figure IB shows the fluid container 14 having a greater volume of fluid 12 
than the fluid 12 in the container 14 of Figure 1A. Figure 1C shows the fluid 
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container 14 substantially full of the fluid 12. In an embodiment, the fluid container 

14 is rigid, however, the container 14 could also be flexible or have flexible 

« 

components. In an embodiment, at least part of the container 14 is included in a 
disposable cassette for transferring medical fluid, for example, dialysate. As part of 
5 the disposable cassette, the container 14 can be integrated with a pump, wherein the 
container 14 becomes the pump chamber. 

The fluid 12 is maintained between a flexible membrane receptacle 24, which 
provides an enclosed and sterile passageway for the medical fluid. In an 
embodiment, the container provides part of a pump chamber for the medical fluid as 

10 described in detail below. However, the container 14 does not have to be part of an 
actively pumped chamber and can alternatively be a passive chamber. 

The fluid volume sensor 10 includes first and second capacitor plates 16 and 
18 positioned at opposite sides of and outside of the fluid container 14. The 
capacitor plates are of a conductive material or metal. The metal capacitor plates do 

15 not contact the fluid 12 or the sterile disposable membrane 24 and are instead 
isolated from same by the container 14. 

The fluid 12 of the fluid container 14 is positioned between the first and 
second capacitor plates 16 and 18. Although the term "plate" is used throughout the 
present specification, the plates, as illustrated do not have to be flat. The capacitor 

20 plates 16 and 18 can have any desired shape and construction. As illustrated herein, 
the capacitor plates 16 and 18, in an embodiment, have non-planer shapes that 
substantially conform to the shape of the fluid container 14 (and devices operably 
connected to the container 14 such as a pump piston head). The shapes also 
substantially conform to the shape of the receptacle 24 when the receptacle expands 

25 to be full or substantially full. 

In Figures 1A to 1C, the dielectric constant of the fluid 12 is much higher 
than the dielectric constant of the fluid 30, which in an embodiment is air. For 
instance, a water based fluid 12 may have a dielectric constant that is around eighty 
times that of air. 

30 Because of the large disparity between dielectric values, the expanding 

volume of the fluid 12 effectively moves the capacitor plate 16, adjacent to the high 
dielectric fluid 12 towards the plate 18. In this manner, the capacitance between the 




plates 16 and 18 changes depending on the relative positions between the expanding 

surface of the fluid 12 and capacitor plate 18. That is, as the volume of the fluid 12 

in the fluid container 14 changes, the capacitance between the plates 16 and 18 also 

changes, as described in more detail below. 
5 The fluid volume sensor 10 includes a capacitance sensor circuit 20, which 

electrically couples to the active metal or otherwise conductive capacitor plate 18. 

The sensor 10 maintains a ground connection 22 to the ground capacitor plate 16. 

The capacitance sensing circuit 20 electrically couples to the capacitor plate 18 via a 
JI~ signal line 36. The signal line 36 transmits a signal from the active plate 18 to the 

£3 10 capacitance sensor circuit 20. The sensor circuit 20 outputs a voltage that is 

j* proportional to the fluid 12 in the fluid container 14, as figuratively indicated by the 

J: heights, VI, V2, V3, of the voltage ramps associated with each of the Figures 1A to 

St 1C, respectively. 

p The fluid volume sensor 10, in an embodiment, includes an electrical guard 

15 30. The purpose of the electrical guard 30 is to protect the voltage sensed by the 
fU active plate 18, which moves along the signal line 36. The capacitance produced 

fy across the plates 16 and 18 in an embodiment is on the order of Picofarads. 

Consequently, the signal line 36 from the plate 18 to the circuit 20 is highly 
susceptible to outside capacitance produced by neighboring electrical components 
20 and from the surrounding area in general. 

The guard 30 has a plate portion 32 and a line portion 34. That is, the guard 
protects the capacitance signal from the capacitor plate 18, all the way along the 
signal line 36, to the capacitance sensor circuit 20. The plate portion 32, in an 
embodiment, is a conductive metal shell that is electrically insulated from and that 
25 electrically insulates the capacitor plate 18. The line portion 34 in an embodiment is 
the surrounding metal in a coaxial cable. In operation, the plate portion 32 and the 
line portion 34 of the guard 30 are maintained at the same potential as the signal from 
the active capacitor plate 18, wherein the guard 30 shields the signal line 36 from 
being influenced by external signals, electric fields or other grounds. 
30 In Figure 1A, the fluid container 14 is substantially empty of fluid 12. By 

"substantially empty" the fluid container 14 can be completely empty or contain a 
small amount of fluid 12 relative to a substantially filled container 14 of Figure 1C. 

12 



The capacitance of the sensor 10 with the fluid 12 between the plates 16 and 18 is at 
a particular value due at least in part to the absence of fluid 12 within the container 
14. 

The capacitance sensor circuit 20 of the sensor 10 measures the voltage 
5 across the metal or otherwise conductive capacitor plates 16 and 18 to produce the 
graphically illustrated voltage VI. The capacitance CI across plates 16 and 18 in 
Figure 1A is proportional to 1 /VI. The capacitance of Figure 1A and the inversely 
proportional voltage VI indicate a substantially empty fluid container 14. 

As an external or integral source adds fluid 12 to the fluid container 14, the 

10 membrane receptacle 24 in the fluid container 14 fills and expands as illustrated in 
Figure IB. The expanding edge of the membrane receptacle 24 filled with the high 
dielectric fluid 12 becomes the functional equivalent of the ground capacitance plate 
16. When the volume of liquid 12 within the container 14 increases, the volume of a 
displacement fluid 30, such as air, filling the remainder of the container 14 

15 necessarily decreases. The capacitance, C, changes according to the function C = k x 
(S / d), wherein k is the dielectric constant determined by the dielectric property of 
the material between two plates, S is the surface area of the individual plates and d is 
the distance between the plates 16 and 18. 

As a source moves the fluid 12 in and out of the container 14, the volume of 

20 fluid 12 continuously changes. The membrane receptacle 24 filling with fluid 12 can 
form differing shapes due to the change in volume, the effects of gravity, etc. The 
surface area, S, of the above function can change due to the expanding membrane 
receptacle 24, which acts as the functional equivalent of the capacitor plate 16. The 
distance, d, of the above function can also change due to the expanding volume of the 

25 fluid 12 within the membrane receptacle 24. It should be appreciated that as the 
volume of fluid 12 in the membrane receptacle 24 of the container 14 expands, the 
area, S, of the plate 16, if it changes, increases and the distance, d, between the plates 
16 and 18, if it changes, decreases, both of which cause the capacitance C in the 
above function to increase (and the output voltage of the circuit 20 to proportionally 

30 drop). 

As the fluid 12 in the membrane receptacle 24 of the container 14 increases 
from Figure 1A to Figure IB, the capacitance between the plates 16 and 18 also 
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increases. According to the above-explained relationship between capacitance and 
voltage, the voltage across the plates 16 and 18 likewise drops. This is schematically 
illustrated by the voltages VI and V2, respectively, of Figures 1A and IB. Since 
measured voltage V2 is less than measured voltage VI, the capacitance C2 is 
5 proportional to the capacitance CI by a factor of V 1/V2. That is, the change in 
voltage is inversely proportional to the change in capacitance. 

Likewise, Figure 1C shows that the fluid 12 has expanded the membrane 
receptacle 24 to virtually reach the inner volume of the container 14. By 
"substantially full" the fluid container 14 can be completely full of fluid 12 or have a 
M 10 large amount of fluid 12 compared to being substantially empty as in Figure 1A. The 

Lfl 

jg; output voltage V3 of Figure 1C is indicative of the substantially full volume of fluid 

J: 12 in the fluid container 14. 

Si The change in capacitance, while possibly being related to the change in 

j~j distance, d, between the plates 16 and 18 and the change in surface area, S, of the 

^ 1 5 membrane receptacle 24, is in no doubt due at least in part to the change in dielectric 

rd constant k as the low dielectric fluid 30 is replaced by the high dielectric fluid 12. 

=H The reason for the change in capacitance between the plates 16 and 18 and the exact 

contribution that the three variables of the simple plate capacitance equation, C = k x 
(S / d), have on the capacitance, C, is influenced by the complex geometries and non- 
20 ideal dielectrics. More importantly, the capacitance changes can be calibrated as 
follows: (i) the capacitance change can be measured by the potential along the signal 
line 36; and (ii) different voltages can be correlated to different signal volumes of 
fluid 12 within the membrane receptacle 24 of the container 14. 

It should be appreciated that knowing the signal potential when the container 
25 14 is empty and the voltage when the container 14 is full, that any intermediate 
voltage can be correlated to a percentage loading or percentage volume of fluid 12. 
There can be a hysteresis effect in which different paths will be taken (on a graph of 
voltage versus volume of fluid 12) from empty to full and from full to empty, 
however, the hysteresis effect can either be accounted for in software or eliminated 
30 through circuitry. 

It should also be appreciated that any intermediate voltage can also be 
correlated to a percentage volume of dielectric fluid 30, i.e., air. Thus, the 
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capacitance sensor 10 of the present invention can also be used to detect the presence 
of air within the receptacle 24. For instance, if the receptacle 24 is expected to be in 
a full or substantially full state at a certain time, but the sensor 10 only indicates a 
half-full state, the system of the sensor 10 can determine that the receptacle 29 has 
5 entrapped air and can calculate the percentage of same. This is a desirable feature for 
fluid delivery systems, wherein the delivery system occasionally needs to purge 
entrained air. 

Figures 1A to 1C illustrate a general embodiment, wherein the container 14 
|Z defines any type of volume or chamber, etc., in which fluid 12 expands and contracts 

3 10 within a membrane receptacle 24. Any device for expanding and contracting the 

g membrane receptacle 24 with fluid 12 could be employed and may or may not be 

integrated with the container 14. Also, in another embodiment, the membrane 
receptacle 24 can be omitted. 

The capacitor plates 16 and 18 may be provided in a substantially parallel, 
15 opposing manner or may have another opposing, non-parallel geometry. Further, 
m more than two capacitor plates may be employed and more than one signal may be 

SI generated. 

§ y 

Figure 2 illustrates an embodiment of a system circuit 40 that takes into 
account the capacitance sensor circuit 20, the signal line 36, the guard 30, the active 
20 capacitor plate 18 electrically coupled to the signal line 36, and the ground capacitor 
plate 16 electrically coupled to ground 22, as described above. The capacitance 
sensor circuit 20 includes an amplifier 26 that electrically couples to signal line 36, 
wherein the signal line 36 transmits the electrical potential from the active capacitor 
plate 18. 

25 The signal along signal line 36 is a high impedance signal that is very 

susceptible to external signals produced by other electrical components and by the 
environment in general. The amplifier 26 amplifies the signal from signal line 36 to 
produce a low impedance output, v ou t- The amplified low impedance output, v ou t, is 
fed back around via loop 38 to the line portion 34 of the guard 30. In this manner, 

30 the system circuit 40 continuously maintains the same electrical potential along the 
guard 30 and the signal line 36. 
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The capacitance sensor circuit 20 of the system circuit 40 includes a voltage 
source 42. In an embodiment, voltage source 42 supplies 5 VDC, however, voltage 
source 42 can supply other suitable voltages. The capacitance sensor circuit 20 of the 
system circuit 40 also includes a switch 44. When the switch 44 is closed, the 
5 voltage supplied by voltage source 42 shunts to ground. That is, when the switch 44 
is closed, amplifier 26 outputs virtually no potential and v ou t is effectively zero. 

When the switch 44 opens, v ou t increases over time as indicated by the ramp 
46 (Figures 1A to 1C show similar ramps culminating in voltages VI to V3, 
respectively). The sampled voltage, v out , varies proportionally to the function 1 / (R x 
Q 10 C), where R is a constant value of the resistor 28 and C is the varying capacitance 

across the active plate 18 and ground plate 16. 

It should be appreciated that eventually, if given enough time, v ou t would rise 
to equal the voltage, +V, of voltage source 42. The amount of time depends on the 
p=i capacitance. If the capacitance, C, is relatively low (container 14 relatively devoid of 

^ 15 fluid 12 and full of low dielectric fluid 30), v ou t rises to +V in a relatively short 

flj amount of time. If the capacitance is relatively high (container 14 relatively full of 

Jfj fluid 12 and devoid of low dielectric fluid 30), v ou t rises to +V over a relatively 

longer period of time. 

The corollary of this is that over a fixed amount of time, t ope n to t sa mpie ? 
20 which is less than the time needed for v ou t to rise to +V when capacitance C is low, 
Vout will rise to some voltage less than +V, depending on the capacitance C. In this 
manner, measured v ou t is proportional to the overall capacitance created across the 
high dielectric fluid 12, for example, dialysate, and the low dielectric fluid 30, for 
example, air. Again, hysteresis will affect the value of v out depending upon whether 
25 the overall capacitance is increasing (container 14 filling with fluid 12) or whether 
the overall capacitance is decreasing (container 14 losing fluid 12). 

The gain or value of resistor 28 affects the dynamics of the system and must 
be chosen based on the value of the voltage source 42 and the range of the 
capacitance values generated across plates 16 and 18. In one embodiment, the values 
30 of the resistor 28 and the voltage source 42 are chosen so that v ou t spans a repeatable 
and detectable range between zero volts and +V, over the range of capacitance values 
from empty to full. In an embodiment, the range of capacitance is approximately 2 to 
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60 Picofarads and the resistance of resistor 28 is in the range of 50 to 150 kQ. These 
values can obviously be varied and are provided only to show one possible 
implementation of the present invention. 

The signal, v out , is an analog signal that varies as the capacitance, C, between 
5 plates 16 and 18 changes. An analog to digital converter 48 converts signal, v ou t 3 to a 
digital signal 50. The digital signal 50 is then provided to a microprocessor 52. The 
microprocessor 52 stores data that enables a %fUll (of fluid 12) or volume of fluid 12 
to be generated. The microprocessor 52 sums multiple digital signals 50 over time. 
For instance, the microprocessor 52 sums multiple fill and discharge cycles of a 

10 pump (e.g., a dialysate pump chamber can be on the order of fifteen milliliters and 
the patient can require around two liters of dialysate). The microprocessor 52 can 
determine the total volume of medical fluid 12 pumped or otherwise transferred to a 
patient or signal an end to a session upon reaching a predetermined total value. 

In any type of medical or dialysis system, the present invention enables the 

15 display of the volume and/or the flowrate of fluid that depends on the volume to a 
patient or operator. The microprocessor 52, in an embodiment, sequences an internal 
timer that opens the switch 44 at t ope n, allowing the capacitance sensor plate 18 to 
charge until the time t sam pie when the signal, v out , is measured. In a typical 
embodiment, the switch would close at some time after t sa mpie. The microprocessor 

20 52 can additionally include filtering software that averages multiple digital signals 50 
and/or senses and eliminates false signals. 

The capacitance sensor circuit 20 of the system circuit 40, in an embodiment, 
includes various features to prevent external signals from corrupting the true signal 
along signal line 36. For instance, the circuit 20 can employ "bootstrapping" 

25 techniques, which are well known in the art, to guard the signal line 36 from 
capacitance values associated with other components within the circuit. For 
example, the switch 44 can have an associated capacitance value that would 
influence the capacitance along the signal line 36. The bootstrapping technique, 
which is similar to the guard technique feedback loop 38, would negate the effects 

30 from any capacitance developing across the switch 44. 

The capacitance sensor circuit 20 in an embodiment can include other 
electrical components for enhancing the accuracy and stability of the system circuit 
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40. The functions of these components are well known to those of skill in the art. 
For example, the capacitor 54 is a "bootstrap" device that helps to maintain the 
linearity of ramp 46. Various electrical components (not illustrated) may also be 
added to enhance the performance of the system circuit. 
5 The above described circuits and mode of operation can be implemented in a 

variety of different fluid container configurations. Figures 1A to 1C illustrate an 
embodiment, wherein the container 14 does not necessarily correspond to a pumping 
chamber. 

m Referring now to Figure 3, a sensor 60 of the present invention correlates a 

y 10 change in the capacitance to a volume of medical fluid within a pump chamber 66. 

*p That is, the container in this embodiment is a pump chamber. 

E The sensor 60 includes a "clamshell" design having first and second portions 

Nl 62 and 64, which together form the pump chamber 66. In an embodiment, the 

□ portions 62 and 64 form a rigid, fixed volume, disked shaped, pump chamber 66 of 

~\ 1 5 known volume. The volume of the chamber 66 can be calculated or determined by a 

lU calibration process. The volume of chamber 66 can then be programmed into a 

ry microprocessor, such as the processor 52 of Figure 2. 

The clamshell first and second portions 62 and 64 are closed and sealed on a 
disposable and expandable membrane receptacle 70. The disposable receptacle 70 
20 includes two flexible membranes 72 and 74. The flexible membranes of the present 
invention my be made of any suitable material compatible with the fluid to be 
pumped, for example, inert plastic or rubber material. One or more fluid pathways 
73 (e.g., valved passageways of a dialysis disposable) fluidly communicate with an 
opening or aperture 75 defined between the first and second portions 62 and 64 and 
25 the flexible membranes 72 and 74. 

The one or more pathways 73 enable medical fluid, for example, dialysate, to 
enter and exit the chamber 66 between the membranes 72 and 74 of the receptacle 
70. In an embodiment, the one or more fluid pathways 73 lead to a manifold 77, 
wherein the manifold operably communicates with a series of valves 79 that open 
30 and close the fluid pathways 73, according to a program. 

Figure 3 shows the pump chamber 66 in an empty state with both films 72 
and 74 in relaxed positions so that the flexible receptacle 70 is closed. The empty 
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volume state is achieved when the films 72 and 74 are collapsed so that substantially 
all the fluid is removed from the sterile receptacle 70 and likewise the pump chamber 
66. 

The empty volume state can be achieved, for example, by forcing both 
5 membranes 72 and 74 together against each other or against either one of the inside 
of portions 62 and 64 of the pump chamber 66. The empty pump chamber state can 
be calibrated in this position. When the pump chamber 66 is in the full state, the 
medical fluid resides between the films 72 and 74 of the receptacle 70, wherein the 
films are pressed and/or sucked against the inside walls of portions 62 and 64 of the 
10 pump chamber 66. The full chamber volume can be calibrated in this state. 

It should be appreciated that the clamshell portions 62 and 64 and the films 
72 and 74 of the receptacle 70 form a diaphragm pump. Either one or both of the 
films 72 and 74 can be moved towards and away from the clamshell portions 62 and 
64 by any suitable activation device. In various embodiments, the diaphragm pump 
15 is pneumatically, hydraulically or mechanically actuated. 
fU The diaphragm pump of Figure 3 is, in an embodiment, pneumatically, 

SI hydraulically or otherwise fluidly activated. That is, the pump does not require a 

separate piston or mechanical actuator. The clamshell portions 62 and 64 define port 
openings 76 and 78, respectively, to allow for movement of a displacement fluid (for 
20 example, pneumatic or hydraulic fluid) into and out of the chamber areas outside of 
the receptacle 70 to operate the diaphragm pump. 

In an alternative embodiment, the medical fluid, for example, dialysate, is 
pressurized to move in and out of the pump chamber 66 between the films 72 and 74. 
A separate pressure source is used to force the fluid into the receptacle 70. 
25 In a further alternative embodiment, the receptacle 70 defined by membranes 

72 and 74 may be filled with medical-fluid by applying negative pressures to one or 
both of the chamber ports 76 and 78. The medical fluid in the chamber 66 between 
the films 72 and 74 can be emptied by applying a positive pressure to at least one of 
the chamber ports 76 and 78. 
30 In the capacitive sensor 60, the clamshell portions 62 and 64 form or hold the 

capacitor plates of the present invention. In an embodiment, lower clamshell portion 
64 is made of an inert plastic, wherein a metal capacitor plate 63 attaches to the outer 
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surface of the plastic clamshell portion 64. For proper sterilization, it is desirable 
that the metal capacitor 63 plate not directly contact the medical fluid. In an 
embodiment, the metal capacitor plate 63 disposed on the outside of the clamshell 
portion 64 electrically couples to ground. 
5 In an embodiment, clamshell portion 62 includes an active metal or otherwise 

conductive capacitance plate 65 within a number of layers: inner layer 62a, middle 
layer 62b and outer layer 62c. Each of the layers 62a to 62c is made of an inert 
plastic. The active metal capacitor plate 65 resides between plastic layers 62a and 
62b. A metal guard plate 67, providing noise protection to the active plate and the 

10 circuitry attaching thereto, as described above, resides between plastic layers 62b and 
62c. Thus no metal is exposed to either direct contact with the dialysate or to 
potential human contact. 

The active capacitor plate 65 of clamshell portion 62 electrically couples to a 
capacitance sensing circuit, such as circuit 20 described in connection with Figures 

15 1A, IB, 1C and 2). The guard plate 67 also electrically couples to the feedback loop 
of the capacitance sensing circuit as illustrated in the above figures. 

In one implementation, a negative pressure is constantly maintained at port 
78, so that the lower membrane 74 is pulled to conform to the inner surface of the 
grounded clamshell portion 64 during a multitude of fill and empty cycles. In this 

20 implementation, the upper membrane 72 does the pumping work. That is, when a 
negative pressure is applied to the port 76 of the clamshell 62, the membrane 72 
sucks up against and conforms with the inner surface of the clamshell layer 62a. 
This action draws fluid through one of the fluid pathways 73 and the aperture or 
opening 75 from the manifold 77 and into the expandable receptacle 70. To expel 

25 fluid, the negative pressure is released from the port 76, wherein the membrane 72 
collapses to push the fluid from the receptacle 70. Alternatively, a positive pressure 
is applied through port 76 in place of the negative pressure. 

In operation, the receptacle 70 expands between the portions 62 and 64 
(receptacle 24 expands from one side of the container 14 in Figures 1A to 1C). The 

30 varying distance, d, of the low dielectric displacement fluid between the expanding 
and contracting receptacle 70 and the portions 62 and 64 may have some effect on 
the capacitance between the ground plate 63 and the active plate 65. Likewise the 
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surface area, S, defined by the ground and active capacitance plates and the 
expanding membrane 72 may have some effect on the overall capacitance. Certainly, 
the changing overall dielectric affects the sensed capacitance. 

As the films 70 and 72 expand and fill with medical fluid, for example, 
dialysate, the capacitance changes, i.e., increases. Each different amount of medical 
fluid within the chamber 66 therefore has a unique overall capacitance. Therefore, a 
unique capacitance value can be associated with each specific fluid volume in the 
chamber, for example, substantially empty, partially full, or substantially full. 

By generating a pulsed voltage over a particular and predetermined time 
period, the system circuit generates a high impedance potential across the active and 
grounded capacitor plates 65 and 63, respectively. The capacitance sensing circuit 
amplifies the high impedance signal to produce a low impedance potential, v out (also 
fed back to guard the capacitance signal), which varies depending on the overall 
volume of fluid in the chamber. The amplified potential is converted to a digital 
signal and fed to a microprocessor where it is filtered and/or summed and utilized to 
provide a volume and/or flowrate indication to a patient or operator or to control the 
pumping of the system, for example, to terminate dialysate flow upon reaching a total 
overall volume. The volume indication can be in any desired form, for example, 
visual, numerical, audible, electronic and combinations thereof. 

It should be appreciated that the capacitor plates 65 and 63 of the portions 62 
and 64, respectively (and the guard 67), conform to the shape of the fluid that 
expands within the receptacle 70 of the films 72 and 74. The capacitor plates 65 and 
63 of the portions 62 and 64 have substantially the same shape as the receptacle 70 
fully expanded with fluid. The accuracy of the sensor 60 is enhanced due to the fact 
that the capacitor plates 65 and 63 conform with or have substantially the same shape 
as the fluid container. That is, the accuracy provided by the curved capacitor plates 
65 and 63 of the cupped shaped portions 62 and 64, respectively, is greater than if the 
plates 65 and 63 were simply straight, parallel plates. 

As stated above, in connection with Figures 1A to 1C, the capacitor plates 63 
and 65 can be, but do not have to be substantially parallel. In an alternative 
embodiment, more than two capacitor plates may be provided and multiple signals 
may be generated. 
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Referring now to Figures 4A and 4B, in another embodiment a sensor 80 of 
the present invention is illustrated. The sensor 80 includes a pump 82, as above. In 
this embodiment, however, the pump 82 is at least partially mechanically driven. 
The pump 82 defines a pump chamber 84 and has a pump piston 86, which includes a 
piston head 87. The pump chamber 84 is defined by upper, rigid pump housing 
member 88 and lower rigid pump housing member 98. As before, a flexible fluid 
receptacle 85 is defined by expandable membranes or sheets 90a and 90b, which in 
an embodiment form part of a disposable unit for use with a dialysis system, such as 
a continuous flow dialysis system. 

In Figure 4A, when the pump 82 is full of medical fluid, the pump chamber 
84 and the fluid receptacle 85 have substantially the same shape. In Figure 4B, when 
the pump 82 has displaced all or most all of the medical fluid, the pump chamber 84 
maintains the same volume but the membranes 90a and 90b defining the fluid 
receptacle 85 have collapsed to virtually a zero volume. 

The pump membrane 90a, in an embodiment, is adapted to seal against or be 
mechanically attach to a face 92 of the piston head 87 of the pump piston 86. The 
membrane 90b seals against or attaches to the member 88. The piston head 87 and 
the member 88 define ports 83 and 89, respectively, through which a vacuum can be 
pulled (or positive pressure applied). The ports 83 and 89 fluidly connect to channels 
(not illustrated) that fluidly extend radially outwardly from ports 83 and 89 in various 
directions. The channels help to distribute the negative pressure applied through the 
ports 83 and 89, so that the respective membranes 90a and 90b substantially conform 
to the interior shapes of the members 88 and 98 and the piston head 87 when one or 
more vacuum is applied to the sensor 80. 

In an embodiment, negative pressure is constantly applied through the port 89 
to hold the membrane 90b against the member 88 (similar to Figure 3). The member 
88 supports the ground metal or otherwise conductive capacitance plate 100. The 
member 98 supports the active metal or otherwise conductive capacitor plate 102 and 
the guard 104. The piston head 87 and the membrane 90a reciprocate towards and 
away from the upper pump housing member 88, for example, via a linear actuator 
operably connected to piston 86, a fluid actuator or any other suitable actuator. 
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At least one fluid port opening 94 to the receptacle 85 defined by the 
membranes 90a and 90b within the pump chamber 84 allows fluid to enter and exit 
the receptacle 85 within the pump chamber 84. During the pump fill stroke, with the 
membrane 90b vacuum-pressed against the member 88 and the membrane 90a 
5 vacuum-pressed against the member 98 and the piston head 87, the piston head 87 
pulls the membrane 90a away from the center position in the middle of the chamber 
84 to produce a negative pressure within the receptacle 85, which pulls fluid through 
the dialysate disposable and into the receptacle 85. 

Figure 4A shows the pump 82 of the sensor at the end of the fill stroke. 

10 During the pump empty stroke, an actuator drives the piston 86, which pushes the 
piston head 87 and the accompanying membrane 90a upward. The membrane 90a 
forces medical fluids, for example, dialysate, out through an aperture 94 defined 
between membranes 90a and 90b and members 88 and 98. 

Other than replacing the fluid pump driving mechanism with the mechanical 

15 pump piston 86 and piston head 87, the sensor 80 operates substantially the same as 
the sensor 60 of Figure 3. Both systems employ a static volume container or 
chamber, and a changing volume flexible receptacle that fluidly communicates with a 
source of fluid, for example, a dialysate bag. The flexible receptacle may be a 
portion of a disposable unit. Both systems have capacitor plates which conform to 

20 the shape or volume created by the receptacle, when full, and a circuit guard which 
conforms to the shape of the active capacitor plate. 

The system 80 includes an additional substrate 96 tensioned between the 
upper and lower members 88 and 98, respectively. The substrate 96, defines, 
together with the membrane 90a, a closed volume of air with which to withdraw from 

25 the system via a negative pressure applied to the port 83 of the piston head 87. 
Accordingly, when a vacuum is applied to the port 83 and the piston head 87 is 
actuated upwardly away from the member 98, the membrane 90a remains drawn to 
and conformed with the shape of the additional substrate 96. 

In operation, the receptacle 85 expands between the members 88 and 98. The 

30 varying distance, d, of the low dielectric displacement fluid between the expanding 
and contracting receptacle 85 and the lower member 98 may have some effect on the 
capacitance between ground plate 100 and the active plate 102. Likewise the surface 
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area, S, of the capacitance plates and the moving membrane 90a may have some 
effect on the capacitance. Certainly, the changing overall dielectric affects the sensed 
capacitance. 

As the membranes 90a and 90b expand and fill with medical fluid, for 
example, dialysate, the overall capacitance changes, i.e., increases. By generating a 
pulsed voltage over a particular and predetermined time period, the system circuit 
generates a high impedance potential across the grounded and active capacitor plates 
100 and 102. The high impedance potential is indicative of an amount of fluid in the 
receptacle 85. If the potential does not change over time when it is expected to 
change, the sensor 80 can also indicate an amount or portion of air within the 
receptacle 80. 

A capacitance sensing circuit amplifies the high impedance signal to produce 
a low impedance potential, v out (also fed back to the guard 104), which varies 
depending on the overall capacitance. The amplified potential is converted to a 
digital signal and fed to a microprocessor where it is filtered and or summed and 
utilized to visually provide a volume and/or or flowrate indication to a patient or 
operator or to control the pumping of the system, for example, to terminate dialysate 
flow upon reaching a total overall volume. Any suitable medium may be used to 
indicate the volume or flowrate. 

Again, the capacitor plates 100 and 102 conform to the shape of the fluid that 
expands within the receptacle 85 of the membranes 90a and 90b. The capacitor 
plates 100 and 102 have substantially the same shape as the receptacle 85 fully 
expanded with fluid. The accuracy of the sensor 80 is enhanced due to the fact that 
the capacitor plates 100 and 102 conform with or have substantially the same shape 
as the fluid container. 

As stated above, in connection with Figures 1A to 1C and Figure 3, the 
capacitor plates 100 and 102 can, but do not have to be substantially parallel. In an 
alternative embodiment, more than two capacitor plates may be provided and 
multiple signals may be generated. 

Referring now to Figure 5, in a further embodiment of the present invention, a 
set of capacitance sensors 110a and 110b (also referred to collectively herein as 
sensor 110) is illustrated. Figure 5 illustrates that the two sensors 110a and 110b 



24 



cooperate. The sensor 1 10a on the left cooperates with a pump 112 that is currently 
full of medical fluid, while the sensor 1 10b on the right cooperates with a pump 112 
that is currently empty. The pumps 112 are timed such that while one pump is filling 
the other is emptying. Any of the pump sensors 60, 80 or 1 10 disclosed herein may 
be operably coupled to other pump sensors. The volumes sensed in the pumps 112 
are summed to produce an overall amount of medical fluid transferred to the patient. 

The sensor 110 differs from the sensors 60 and 80 because the fluid 
receptacle 114 is defined on one side by a fixed, plastic, disposable cassette 116 and 
defined on the opposite side by a flexible, inert, disposable membrane 118. The 
previous embodiments included fixed hard plastic housings with internal flexible 
membranes. 

The full chamber sensor 110a of Figure 5 illustrates that the piston head 120 
inverts or moves the membrane 118 away from the cassette 116 when the receptacle 
114 is full of dialysate. The empty chamber sensor 110b illustrates that the piston 
head 120 pushes the membrane 118 into the chamber cavity defined by the cassette 
116 when the receptacle 1 14 is empty. 

As with the sensor 80, a linear actuator 122 drives a piston 124 to pump fluid 
in an out of the receptacle 114. Unlike the previous sensors 60 and 80, however, no 
vacuum is required to constantly pull a second membrane towards the grounding 
capacitor plate 126. A protective cover 130 is disposed at the cassette interface 116 
to electrically isolate the ground metal or otherwise conductive capacitor plate 126. 

A vacuum is applied through the aperture 128 defined by the piston 124 to 
pull and seal the membrane 118 against the piston head 120. As with any of the 
previous systems, the membrane 1 18 in alternative embodiments seals or connects to 
the piston head (or pump chamber wall as the case may be) via any suitable 
mechanical or adhesive technique. 

Referring to Figures 5 and 6, a capacitor cup 140, corresponding active metal 
or otherwise conductive capacitor plate 132 and electrical guard 134 are illustrated. 
The cup 140, is in an embodiment, made of an inert, rigid plastic. The cup 140 
includes an integral inner portion 142 that defines an aperture 144, which enables the 
piston 124 to move back and forth within the cup 140, which is positionally fixed to 
the medical fluid system. 
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The electrical guard 134 fixes to the back of the cup 140. The active 
capacitor plate 132 affixes to the surface of the inner portion 142. In an embodiment, 
an inert, plastic cover (not illustrated) electrically isolates the capacitor plate 132. 
Alternatively, the system 110 relies on the piston head 120 to isolate the capacitor 
5 plate 132. 

The cup 140 defines an outer ridge 146 that encloses the inner portion 142. 
The inner portion 142 and the outer ridge 146 define a continuous opening 148 that 
enables the piston head 120 to move back and forth within the continuous opening 
148. In an embodiment, the active capacitor plate 132 follows the contour of the 
10 inner portion 142 into the opening 148 and outward along the back flange portion of 
the cup 140 that links the ridge 146 to the inner portion 142. The inner portion 142, 
back flange portion and ridge 146 can integrally form the cup 140. In other 
N! embodiments, one or more of the portions may separately attach to form the cup 140. 

q The capacitor sensor 110 operates substantially as described above with the 

^ 15 systems 60 and 80. As the membrane 118 moves back and forth so that the 

ry receptacle 114 fills with and empties medical fluid, for example, dialysate, the 

75 overall capacitance changes. By generating a pulsed voltage over a particular and 

predetermined time period, a system circuit electrically coupled to the active plate 
132 generates a high impedance potential. The high impedance potential is 
20 indicative of an amount of fluid in the receptacle 114. If the potential does not 
change over time when it is expected to change, the 110 sensor can also indicate an 
amount or portion of air within the receptacle 114. 

The capacitance sensing circuit amplifies the high impedance signal to 
produce a low impedance potential, v ou t(also fed back to the guard 134), which varies 
25 depending on the overall capacitance. The amplified potential is converted to a 
digital signal and fed to a microprocessor where it is filtered and/or summed and 
utilized to visually provide a volume and/or flowrate indication to a patient or 
operator or to control the pumping of the system, for example, to terminate dialysate 
flow upon reaching a total overall volume. The sensor 110 can employ any suitable 
30 medium to indicate the volume or flowrate. 

It should be understood that various changes and modifications to the 
presently preferred embodiments described herein will be apparent to those skilled in 
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the art. Such changes and modifications can be made without departing from the 
spirit and scope of the present invention and without diminishing its intended 
advantages. It is therefore intended that such changes and modifications be covered 
by the appended claims. 
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